Half a century ago, the laboratory of Christian Anfinsen demonstrated that the protein ribonuclease A can fold independently of any cellular machinery [2] . This was a revolutionary discovery as it revealed that all of the information required for a protein to fold to its native state is contained in its primary amino acid sequence [3] . With this in mind, Cyrus Levinthal postulated his famous paradox that if an unfolded polypeptide chain had to sample every possible conformation allowed by its primary sequence, protein folding would take longer than the age of the universe [4] . Levinthal"s solution to the paradox: protein folding is not a random process, but instead proceeds by some directed mechanism [5] . Indeed, it appears that many of the proteins whose folding has been studied to date follow directed pathways involving the transient accumulation of specific intermediate states with defined structure [1, [6] [7] [8] [9] [10] . In principle, structural studies of folding intermediates would provide a wealth of information about the folding process [1, 10] and potentially also shed light as to how proteins misfold [11] . This thesis will focus on the structural characterisation of one such intermediate state, the on-pathway folding intermediate from the FF domain of human HYPA/FBP11.
The protein folding problem
Anfisen and Levinthal left us with a pair of substantial problems: how does a protein"s primary sequence determine its folding pathway and final native structure, and how do proteins fold in such a short amount of time. These two questions are known as the protein folding problem.
Here, we will address the second.
Models of protein folding
The earliest devised solution to Levinthal"s paradox was the idea that folding proceeds along one or more defined pathways involving discrete intermediate forms [12] . Pathway specificity ensures that proteins reach their native state without having to search through large areas of conformational space. Such pathways can be simplistically illustrated as one-dimensional freeenergy diagrams as in Figure 1 . Clearly, this view of folding has merit, as more and more proteins are being shown to fold via on-pathway intermediate states with defined structures (reviewed in [12] [13] [14] [15] A further level of complexity lies in the mechanism by which the conformational freedom of the polypeptide is restricted en route to the native state. The hydrophobic collapse model postulates that the hydrophobic effect drives an initial non-specific collapse, and that secondary structure
forms later [18] . The framework model suggests that protein folding is hierarchical with secondary structure elements forming first and becoming the framework for the formation of tertiary interactions [12] . Finally, the nucleation-condensation model states that a region of the polypeptide chain serves as a folding nucleus, and that nucleation reduces the number of searches in the remainder of the polypeptide for the native structure [19] . These and several other theories are able to explain the folding behavior of some proteins, but are inconsistent with folding data for others.
Transiently formed on-pathway intermediates in protein folding
Although some small proteins are thought to fold by a 2-state mechanism in which the unfolded state transitions in a highly cooperative manner to the folded conformer [20] (Figure 1a) , it is becoming increasingly clear that for many proteins, folding involves the formation of one or more transiently formed intermediates [1, [6] [7] [8] [9] [10] 21] (Figure 1b) . Sufficiently stable intermediates can be detected kinetically using stop-flow or continuous-flow techniques and proven to be onpathway by kinetic modeling [8, 9, 22] be populated to a level that is detectable at equilibrium by thermodynamic experiments, and in amenable cases be proven to be on-pathway by relaxation dispersion NMR, a technique which will be described in detail in later sections.
Experimental approaches to protein folding
Although we can visualize folding as following a pathway such as the ones depicted in Figure 1 , it is important to remember that U, I and N are all states, or conformational ensembles, not single structures. The role of the experimentalist is to characterize the relative energies, rates of conversion and structure of as many states as possible along the pathway. Here, we will concentrate on methods to study the structure of the folding intermediate state.
Experimental methods for studying folding intermediates
While low-resolution spectroscopic techniques such as circular dichroism or tryptophan fluorescence can be used to probe the structure of the intermediate state [9] (they report on secondary structure formation and hydrophobic burial, respectively), an atomic-resolution picture provides much more information. as RDCs can be incorporated to improve structure quality [48] [49] [50] [51] . Typically a protocol is used whereby small fragments are selected from a database of structures based on agreement with experimental data, with models derived subsequently from fragment assembly. The approach has been cross-validated for the native states of a large number of small to medium sized proteins (approximately 150 residues or less) for which high resolution structural information is available from either NMR or X-ray studies, and in the majority of cases the structures produced by the database approach are within 2Å of those generated using traditional methods [48, 49] .
Model proteins to study folding
The techniques currently available to study protein folding are most easily applied to small, single domain proteins, often excised from larger proteins. They lack disulphide bonds and cofactors and can fold independently of chaperones. Furthermore, their small size ensures that they likely fold the same way in vitro as in vivo. Another advantage to their size is that it enables the extensive mutational studies required for φ-value analysis and makes them ideal candidates
for NMR H/D exchange or relaxation-dispersion studies.
Several classes of model proteins have been studied to date, including all-beta sheet proteins such as the SH3 domain [21, 52] , and all-α-helical proteins such as the FF domain [1, 9, 53, 54] .
Many of the all-α-helical domains fold via a three-state mechanism, with a first rapid (μs) jump to a compact on-pathway intermediate state and subsequent slow (ms) rearrangement to the native conformation. Examples include the FF domain [9] , Im7 [8] , the R16 and R17 domains of a-spectrin [55] and the engrailed homeodomain [7] . The folding intermediates of all of the aforementioned proteins form non-native tertiary interactions [1, [55] [56] [57] , and in some cases, such as the engrailed homodomain and FF domain, have non-native helical boundaries. They fold via a framework or nucleation condensation mechanism [54, 56, [58] [59] [60] , which are probably two manifestations of a single mechanism [61] .
FF domains
FF domains are small, 4-helix bundles that bind to the phosphorylated C-terminal repeat domain (CTD) of the largest subunit of RNA polymerase II via a positively-charged cleft between the Ntermini of helices 1 and 4 [62] .
FF domains bind to the CTD of RNA polymerase II
The CTD is a binding site for many proteins, most of which regulate mRNA processing and chromatin morphology (reviewed [63] ). This unstructured domain contains multiple tandem repeats of the heptad sequence Y 1 S 2 P 3 T 4 S 5 P 6 S 7 which can be phosphorylated at its 2 nd and 5 th serine positions [64] . The CTD remains unphosphorylated during transcription initiation, but becomes hyper-phosphorylated at the elongation phase [65, 66] . It is the pattern of phosphorylation during elongation that determines which set of factors can bind. For example, factors involved in pre-mRNA 5" capping are recruited at the beginning of elongation, when mainly S 5 is phosphorylated [67] , and 3" cleavage and polyadenylation factors are recruited near the end of the gene, when only S 2 is phosphorylated [68] . Many other factors are recruited at some point during transcription, when both serines are phosphorylated, including mRNA splicing factors [69, 70] and histone acetyl transferases [71] . Binding to the phosphorylated CTD is mediated mainly by WW, SRI and FF domains, often found in tandem repeats that allow multiple binding interactions along the CTD.
The FF domain from HYPA/FBP11 folds via an on-pathway intermediate
The better to a simulated on-pathway (U↔I↔N) rather than off-pathway (I↔U↔N) folding scheme.
The rate-limiting transition state (between I and N) was later studied by Fersht and coworkers using φ-value analysis [54] . They found that native secondary and tertiary interactions are conserved in a single region of the transition state comprising the C-terminus of H1, the H1-H2 loop, and the N-terminus of H2, which strongly suggests a nucleation-condensation mechanism of folding. 
Structure of the FF intermediate by relaxation dispersion NMR
The structure of the folding intermediate was solved in 2010 by Kay and coworkers using CPMG relaxation dispersion NMR and CS-Rosetta modeling, as described in section 1. 
Rationale
The relaxation dispersion NMR/data-base modeling protocol for solving the structure of folding intermediates provides an attractive alternative to the traditional method which requires mutagenic enhancement of the intermediate population. It also provides a method for studying other types of functional excited states, such as transiently populated catalytic [72] [73] [74] or ligandbinding conformations [75] . However, for this method to continue to be employed, one must be confident that the excited state structure is accurate. The traditional manner of solving protein structures by NMR spectroscopy is based on nuclear Overhauser effect spectroscopy (NOESY) Chapter 2
Materials and Methods
The FF hours until OD600 ≈ 0.7-0.8 at which point temperature was decreased to 25°C and 1mM IPTG was added to induce overnight protein expression.
Protein purification
Following the established protocol for FF domain purification [54] , the overnight cultures were pelleted and resuspended in lysis buffer (50mM sodium phosphate, 20mM imidazole, 400mM 
NMR spectroscopy 2.2.1. Resonance assignments
Backbone and side-chain resonance assignments were obtained using a set of gradient and sensitivity enhanced triple resonance experiment(HNCACB, CBCACONNH, CCC-TOCSY, HCC-TOCSY, HNCO, and HACACONNH) [76, 77] , supplemented with a simultaneous 15 N-, 13 C-edited NOESY-HSQC data set [78] . All experiments were performed at 25°C on a 500 MHz spectrometer. The HNCACB and CBCACONNH experiments provided sequential assignments along the protein backbone. CCC-TOCSY provided side-chain carbon assignments, while HCC-TOCSY and the 15 N-, 13 C-edited NOESY provided side-chain proton assignments. The HNCO and HACACONNH experiments were used to assign CO and Hα chemical shifts, respectively.
Complete backbone assignments were obtained for all residues except N-terminal residue G11, and residues N12, K28 and R29 which are broadened.
Sterospecific Leu and Val methyl assignments
Methyl groups are located predominantly in the protein hydrophobic core. As such, they provide a key source of highly restraining long-range NOEs. To maximize the number of unambiguous methyl distance restraints, it is important to uniquely assign each group. Stereospecific assignment of pro-R and pro-S Leu δ and Val γ methyl groups was achieved using the method of Neri et al [79] , in which one records a constant time 1 H-13 C HSQC spectrum of the methyl region on a 10% 13 C 6 -glucose labeled sample. The bacterial metabolic pathway is such that the pro-R methyl carbon and directly bonded carbon (Cγ1, Cβ in Val and Cδ1, Cγ in Leu) derive from the same pyruvate molecule, while the pro-S methyl and the adjacent carbon originate from different pyruvates. As a consequence, with a 10:1 ratio of 12 C-to 13 C-glucose, the probability of simultaneous incorporation of 13 C into the methyl carbon and adjacent carbon positions is 100%
for pro-R groups but only 10% for pro-S. The effect of simultaneous incorporation is signal inversion during the constant time period in the 1 H-13 C HSQC experiment due to scalar coupling between the two labeled carbons. Therefore, the pro-R peaks will be negative, while the pro-S peaks will appear positive ( Figure 3 ). Phasing is achieved based on the Met methyl peaks, which have no adjacent Carbon atom. 
NOESY distance restraints
Inter-proton distance restraints were obtained from a simultaneous 15 N-and H saturation field is applied to the water line. Shaped 13 C pulses (2 ms, Re-Burp profile [81] , centered at 21.5 ppm, 800 MHz) are selective to excite primarily 13 C of Ala (along with other methyl spins). 13 Cα decoupling during t 1 is achieved using constant adiabaticity WURST-8 decoupling [82] , sweeping from 50 to 58 ppm. A second field is applied, swept from -12 to -20 ppm, to reduce Bloch-Siegert effects for the Ala methyl 13 C spins [83] . The net decoupling field strength is 0.59 kHz (rms 0.33 kHz).
13
C broad-band decoupling is achieved with a 2.6 kHz (max rf; 2.3 kHz rms) WURST-40 field centered at 75 ppm [82] . 15 N decoupling during acquisition was carried out using a WURST-2 field [82] , with a bandwidth of 27 ppm, centered at 116.5 ppm (0.75 kHz max rf; 0.46 kHz rms). The value of τ α is set to 2 ms. The phase cycle is f 1 =x,-x; f 2 =2(x),2(-x); rec=x,2(-x),x. Quadrature in The Ala methyl region of the 1 H-
C HSQC spectrum is characterized by a great deal of overlap.
A53/A20 are overlapped, as are A17/A51, making it difficult to unambiguously assign a number of potential non-native NOE contacts. Therefore, the methyl-methyl NOESY and Ala NOESY experiments were performed on an A51L mutant. Mutation of A51, which is surface exposed, to
Leu eliminated the A17/A51 ambiguity as well as the degeneracy of A53/A20 ( Figure 5 ). The resulting 1 HN-15 N "fingerprint" spectrum showed essentially no changes, with only minor perturbations in the region of the mutation. Figure 5 . Effect of the A51L mutation on the methyl region of the 1 H-13 C HSQC spectrum. The Ala methyl region is highly overlapped for FF (inside green box, left). Mutation of A51, which is not involved in any critical interactions, to a Leu results in removal of ambiguity in the Ala region (inside green box, right) while the remainder of the spectrum (as well as the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] N "fingerprint" spectrum) remains virtually unchanged.
Structure calculations 2.3.1. TALOS+ φ/ψ dihedral angle prediction
The secondary structure of I′ was initially assessed using the TALOS+ program [85] , based on 15 N, 1 HN, 13 Cα, 13 Cβ, 13 
RCI order parameter prediction
The dynamics of I′ were assessed using the built-in RCI (random coil index) [86] to correlate the calculated RCI value to a squared order parameter (S 2 ), which is a measure of protein dynamics. S 2 ranges between 0 and 1, and the lower its value, the more dynamic the residue.
XPLOR-NIH structure calculation
XPLOR-NIH [87, 88] calculates protein structures based on NMR restraints by seeking the minimum of a target function comprising terms for the experimental restraints, covalent geometry and non-bonded contacts using rounds of molecular dynamics and Monte Carlo and gradient-based minimization. Here, experimental restraints included 58 φ and ψ torsion angles for regions which TALOS+ predicted to be helical, as well as 121 NOE distance restraints: 37 sequential NOE (|i-j| = 1) constraints, 57 medium range NOE (1 < |i-j| < 5) constraints and 27
long range NOE (all other) constraints. These were input into XPLOR-NIH using the script xplor-nih-2.27/eginput/protG/anneal.inp, modified to include the rama potential [89] for the ordered portion of the protein as predicted by TALOS+ (residues Figure 6 . Structural statistics on the 10 lowest energy structures with no violations out of 100 calculated for I′ using XPLOR-NIH [87, 88] .
Chapter 3 Results and Discussion
All work on FF was performed by Dmitry M. Korzhnev.
Searching for an I state mimic as a quantitative test of structure
The goal of the present work is to cross-validate the structure of the wild-type FF domain folding intermediate that has been solved on the basis of CPMG relaxation dispersion derived constraints and a CS-Rosetta structure determination protocol [1] . In an effort to produce an intermediate mimic with more favorable spectroscopic properties than FF 1-60 (see section 1.3.4), we compared backbone chemical shifts of both sets of correlations from the pair of slowly exchanging FF conformers. We were able to ascertain that the major differences were in the N-terminus and that, further, the relaxation properties of one of the conformers were consistent with a dimeric structure. With this in mind, a second deletion was introduced in which the first ten residues were removed and a W11G mutation added, to produce FF . As discussed in more detail in the next section, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] N HSQC spectra of FF were recorded showing a predominant single set of correlations, suggesting that this double truncated domain could form the basis for further structural studies.
The approach that we have taken to produce a potential I state mimic is schematized in Figure 7 . are absent. Thus, the predominant state in solution, referred to as I′, can be studied using conventional NMR methods. We show in the next section that I′ is a good mimic of the I state. (left), as determined by stopped-flow fluorescence [9] and relaxation dispersion NMR studies, 25 o C [53] . The structure of the U state (purple) is a schematic based on a molecular dynamics simulation in the absence of restraints, while the structures of I (blue) and N (yellow) indicated by the ribbon diagrams, where determined by relaxation dispersion NMR/CS-Rosetta [1] (I, pdb accession code 2KZG) and standard NMR [62] (N, pdb accession code 1UZC) approaches, respectively. Truncation of N-(1-10) and C-terminal (61-71) residues (indicated in red on the structure above the arrow) creates FF (right) with a dominant population of I′ (whose structure determined in the present study is indicated in green). We have assumed that the relative energies between states I/U and I′/U are the same.
FF11-60 is a good mimic of the FF folding intermediate
Prior to detailed studies of I′ it is first important to establish that this molecule is a good mimic of I. The most straightforward and rapid way of "screening" candidate molecules as good mimics is (Figure 8c ).
I and I′ have similar secondary structures, but I′ is more dynamic
The backbone and 13 C chemical shifts of I′ have been input into the TALOS+ program [85] to predict residue-specific helical propensities. Not surprisingly, I′ consists of 3 helices, H1-H3.
The percent helicity vs. residue profile for I′ is compared with that for I obtained in a similar manner in Figure 9a . Figure 7) , leading both to a decrease in spectral resolution and some peak broadening relative to data sets recorded of the wild-type protein.
I′ forms non-native contacts predicted by the CS-Rosetta structure of I
A key difference in the structures of the N and I states of the wild-type FF domain is that a series In principle for a small domain of 50 residues this should be easily accomplished by analysis of a 13 C-edited 3D NOESY data set. However, it is clear that I′ is much more dynamic than a "typical" native protein, as might be expected for a domain that is only 1.5 kcal/mol more stable than its unfolded state ( Figure 7 ). Decrease in spectral resolution in key regions of the 1 H-13 C correlation map makes it difficult to unambiguously assign a number of the potential non-native NOE contacts, however the ambiguities can be lifted by an A51L point mutation (see section
2.2.3)
. Figure 10b shows a number of strip-plots from a methyl-13 C-edited NOESY data set linking proximal methyl groups. Here 13 C chemical shifts for both the origination and destination methyl were recorded in constant-time mode so that a high resolution map could be obtained [80] . A second data set was recorded in which Ala ( 1 H, 13 Figure 4 ). An NOE cross-peak between A53 Hβ and Y49 Hε is shown in cyan.
An NOE connecting Y49/L55 was reported for the native structure that was not observed in data sets recorded for I′, again consistent with the expected distances in each state (Figure 10a 3.5. The solution structure of I′ validates the CS-Rosetta structure of I
Having established that I and I′ have similar secondary structures and that they both share the same non-native contacts, we next solved the structure of I′ using the standard NOE-directed approach (see Figure 6 for structural statistics). A superposition of the 10 lowest energy structures with no violations is shown in Figure 11a , with a single representative structure highlighting the non-native interactions discussed in the previous section and color coded as in Figure 10 illustrated in Figure 11b . These non-native distances for I′ are tabulated in the figure.
Notably, they are all within one standard deviation of the corresponding mean distances calculated for the CS-Rosetta structure of the folding intermediate (differences less than 1.5 Å), but are at least 2 standard deviations away from the corresponding mean distances computed for the native state structure (differences ranging between 2.5 -7 Å). Figure 11c states [1, 31] that play important roles in protein folding [21] , enzymology [72] [73] [74] and molecular recognition [75] . Further, the work demonstrates the utility in using a combined NMR relaxation dispersion/CSRosetta approach for studies of "invisible" excited protein states, providing structural data at a level of detail not possible using other biophysical techniques.
Mechanism of FF folding
The FF domain was postulated to fold by a nucleation-condensation mechanism based on φ-value analysis [54] , as the region comprising the C-terminus of H1, the H1-H2 loop and the Nterminus of H2 forms native secondary and tertiary interactions in the major transition state while the remainder of the protein does not. The structure of the FF folding intermediate is indeed only completely native in the predicted region, but it also has fully native helices H1 and H2, which suggests a framework model. As previously mentioned, other α-helical proteins have been determined (mainly by φ-value analysis) to fold by either a framework or nucleationcondensation mechanism [54, 56, [58] [59] [60] . It is thought that these two mechanisms are manifestations of a single mode of folding where decreasing stability of the secondary structure prompts a transition from framework to nucleation-condensation as tertiary interactions play a larger role in stabilizing the intermediate and transition states [61] . From our high-resolution structure of the FF folding intermediate, it seems that its mechanism of folding is indeed intermediate between the two models. However neither of these traditional models of protein folding takes into account the formation of non-native interactions in the intermediate state.
Instead of resorting to models, one can use the structure of the FF intermediate state to perform a detailed analysis of FF folding. The AGADIR program [93] [94] [95] calculates the residue-wise helical propensity of a polypeptide chain based on an empirical scale of propensity by amino acid type [96] . AGADIR predicts low overall intrinsic helical propensity for the FF domain (~2%).
The highest-propensity helix is H1 at ~4.5%, followed by H3 of the intermediate (H3   I   ) at ~4%, H2 and H3 of the native state (H3 N ) at ~2.5% (although H3 N is even less favorable as it adopts the less stable 3 10 conformation) and finally H4 N at ~1.5% ( Figure 13 ). Based on the intrinsic helical propensities, it seems that the initial collapse of the unfolded polypeptide occurs when the three regions with highest helical propensity (H1, H2 and H3 I ) form helices, which must be stabilized by (non-native) tertiary interactions due to their low intrinsic helical propensity.
However the folding intermediate thus created has an unfolded helix H4 which leaves many hydrophobic residues exposed to solvent. As a consequence of this, helical propensity is overridden by the hydrophobic effect and H3 I unfolds to H3 N to allow the formation of a larger, more stable hydrophobic core involving H4. It seems therefore that the disconnect between optimal hydrophobic burial and intrinsic helical propensity leads to the formation of non-native secondary and tertiary interactions which in turn leads to the accumulation of a folding intermediate. A popular theory is that proteins have evolved for function, not folding speed, and that nonnative interactions may arise by chance from a primary sequence designed for functionality (reviewed in [14] ). For example, in the Pin1 WW [97] and Fyn SH3 [98] domains, the replacement of sequence elements that are essential for function with sequence elements that have a high (non-native) secondary structure propensity which stabilises the transition state increases the rate of folding dramatically. In the FF domain, residues Ala 20 and Leu 52, which form one of the rate-limiting non-native interactions in the intermediate, are also critical to the stability of the native state. Φ-value analysis showed that mutating either of these residues leads to a reduction in stability of the native state by around 3 kcal/mol [54] . Non-native interactions may also be selected for to avoid aggregation [14] .
Looking at the question from the opposite side of the folding pathway, it has also been shown that in the unfolded state a protein may have a predisposition to form some interactions involved in the native structure, but it may also have a predisposition to form other non-native energyminimizing interactions [99] [100] [101] . This has been observed for example in the drkN SH3 domain whose unfolded state can easily be studied as it exists in approximately 1:1 equilibrium with the folded state under non-denaturing conditions, and which forms a compact ensemble with native and non-native structure [101] . The unfolded ensemble could be characterized by a hybrid experimental/computational approach using structural restraints obtained by relaxation dispersion from I′ which exchanges with an appropriate population of U (~8%), providing of course that the timescale of exchange between I′ and U is within the correct range (~50μs-10ms).
There are currently only three methods available to study folding at the atomic resolution: NMR to study equilibrium intermediates and denatured states in solution, φ-values analysis to give details of the structures of transition states, and atomic-level molecular dynamics (MD) simulation for a complete, all-atom picture of the folding pathway (reviewed in [102] ).
Currently, a combination of experiment and simulation can be used to describe folding at atomic resolution, a prime example being folding of the Engrailed homeodomain [7] . It is essential to benchmark simulations by experiment because the potential functions they employ are empirical and contain approximations [102] . [52] . Furthermore, once the simulation has been corroborated by experiment, it can be used to fill in any missing folding events [102] . In other words, there is synergy between experiment and simulation: all-atom MD simulations provide a molecular framework for the interpretation of experiment which in turn can serve to validate the simulations. MD Simulations would be quite useful to further our understanding of FF domain folding by filling in the events which lead to the formation of the intermediate state.
Relaxation dispersion is applicable not only to productive, on-pathway folding intermediates, but also to off-pathway intermediates which may have a role in diseases of protein aggregation such as Alzheimer's disease, Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis and prion diseases (reviewed in [11] ). Hydrophobic side-chains that, in the native state, are buried in the protein core are solvent exposed in the intermediate, making them accessible for intermolecular interactions that lead to aggregation. Therefore, solving the structure of excited states involved in folding by relaxation dispersion NMR could not only help to solve the protein folding problem but could also provide clues to the molecular basis for misfolding and aggregation.
Finally, the technique can be applied to proteins whose catalytic or ligand-binding conformation is only transiently populated. These biologically important excited states are difficult if not impossible to study by any other means. Despite the population and exchange timescale restrictions, it has already been shown that the excited states of many proteins with varied folds such as the all-α-helical apomyoglobin [103] , the all--sheet Fyn SH3 domain [21] and the integral membrane protein phospholamban [104] can be studied in detail by relaxation dispersion.
Furthermore, other proteins and their mutants have been shown by φ-value analysis to be within the appropriate range of excited state population (above 0.5%) and exchange rate (between 100 and 2000s -1 ) for dispersion measurements. Some examples are included in Figure 13 , and future experiments should uncover still more. The structure of these excited states can now confidently be solved using the relaxation dispersion/CS-Rosetta approach. Figure 13 . Examples of proteins and their mutants that display the appropriate range of parameters for relaxation dispersion studies. Φ-value analysis indicates that for each one the excited state population is above 0.5%, and the exchange rate is between 100 and 20000s -1 , as required for relaxation dispersion.
